Abstract -Power transformer is one of the most important equipments in electrical power system. The detection of certain gases generated in transformer is the first indication of a malfunction that may lead to failure if not detected. Dissolved gas analysis (DGA) of transformer oil has been one of the most reliable techniques to detect the incipient faults. Many conventional DGA methods have been developed to interpret DGA results obtained from gas chromatography. Although these methods are widely used in the world, they sometimes fail to diagnose, especially when DGA results falls outside conventional method codes or when more than one fault exist in transformer. To overcome these limitations, fuzzy inference system (FIS) is proposed. 250 different cases are used to test the accuracy of various DGA methods in interpreting the transformer condition.
Introduction
A transformer may function well externally with monitors, while some incipient deterioration may occur internally to cause fatal problems in later development. Nearly 80 % of faults result from incipient deteriorations. Therefore, faults should be identified and avoided at the earliest possible stage by some predictive maintenance technique. Dissolved Gas Analysis (DGA) is a reliable technique for detection of incipient faults in oil filled power transformer. It is similar to a blood test or a scanner examination of the human body; it can warn about an impending problem, give an early diagnosis and increase the chances of finding the appropriate cure. The working principle [1] [2] [3] is based on the dielectric breakdown of the some of the oil molecules or cellulose molecules of the insulation due to incipient faults. When there is any kind of fault, such as overheating or discharge inside the transformer, it will produce corresponding characteristic amount of gases in the transformer oil. These gases are detected at the per part million (ppm) level by Gas Chromatography [4] [5] [6] . It is a technique of separation, identification and quantification of mixtures of gases. The commonly collected and analyzed gases are Hydrogen (H 2 ) , Methane (CH 4 ), Acetylene (C 2 H 2 ), Ethylene (C 2 H 4 ), Ethane (C 2 H 6 ), Carbon Monoxide (CO) and Carbon Dioxide (CO 2 ). Through the analysis of the concentrations of dissolved gases, their gassing rates and the ratios of certain gases, the DGA methods can determine the fault type of the transformer. Even under normal transformer operational conditions, some of these gases may be formed inside.
Therefore, it is necessary to build concentration norms from a sufficiently large sampling to assess the statistics.
DGA Methods
If an incipient fault is present in the transformer, concentration of gases dissolved in the oil significantly increases. A given gas volume may be generated over a long time period by a relatively insignificant fault or in a very short time period by a more severe fault. Once a suspicious gas presence is detected, it is important to be certain whether the fault that generated the gas is active by calculating the total dissolved combustible gases (TDCG) and rate of TDCG [7] which is given by Eq. (1) as follows:
Where, R is rate (litres/day) S o is the TDCG of First sample in ppm S T is the TDCG of Second sample in ppm V is tank oil volume in litres T is the time (days).
The rate of generation of TDCG greater than 2.8 liters / day indicates that the transformer has an active internal fault and requires additional inspection by DGA methods.
Incipient faults can be reliably identified by visual inspection [8] of the equipment after the fault has occurred in service:
(a) Partial Discharge (PD) -corona, possible X wax formation on paper insulation, sparking, inducing pinholes, small carbonized punctures in paper. Many interpretative methods employ an array of ratios of certain key combustible gases as the fault type indicators. These five ratios are:
Dornenburg [7] utilizes four ratios R1, R2, R4 and R5. This procedure requires significant levels of gases to be present for the diagnosis to be valid. The method gives fault after comparing these ratios to the limiting values.
IEEE / Modified Rogers method [7] utilizes three ratios R1, R2 and R3. Table 1 gives the values for three key gas ratios corresponding to suggested diagnosis.
IEC Standard 599 [9] also utilizes three ratios R1, R2 and R3. The coding rule and classification of faults by the IEC method are given in Tables 2 and 3 .
In new IEC 60599 publication [10] , major gas ratios have been retained and three additional gas ratios have been introduced for specific diagnosis. These three ratios are R 6 = C 2 H 2 / H 2 R 7 = O 2 / N 2 R8 = CO 2 /CO If R6 > 3, it gives the possible contamination from the on load tap changer compartment. If R7 < 0.3, it gives abnormal oil heating or oxidation. If R8 <3, it gives the possible paper involvement in the fault.
The Duval Triangle [11] method utilizes three % ratios of certain gases for DGA interpretation of transformers filled with mineral oil. The triangular coordinates corresponding to DGA results in ppm can be calculated by Eqs. (2-4) as follows:
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Where x, y and z are concentration of C 2 H 2, C 2 H 4 and C H 4 in ppm resp. In addition to these three % ratios, Xiaohui Li et al., [12] utilizes fourth % ratio which is given by Eq. (5) as follows:
All these techniques are computationally straightforward. However, these methods in some cases provide erroneous diagnoses as well as no conclusion for the fault type.
To overcome these limitations, Fuzzy Inference System (FIS) is proposed.
Flow Chart of Proposed System
Flow chart of proposed system diagnosis is shown in Fig.  1 . The input data include concentration of dissolved gases C 2 H 2 , C 2 H 4 , C 2 H 6 , CH 4 , H 2 , CO and CO 2 of the sample. Information such as tank oil volume, date of sampling and date of installation of transformer is asked for further inference.
In the first step, the system calculates TDCG and compares with the standard permissible limits [7] . For normal level of TDCG (< 720ppm), permissible limits for individual gases are checked. Normal level of TDCG and Table 2 Coding rule for IEC method [9] Codes Range of gas ratios individual gases indicates the satisfactory operation of a transformer. Once an abnormal level of TDCG or individual gas has been detected, the next step is to determine the rate of generation of TDCG (1) by analysis of the successive sample. For the normal rate of TDCG (less than 2.8 liters/day), further diagnosis is bypassed. For an abnormal rate of TDCG, the proposed FIS is adopted to diagnose the probable faults. In the last step, severity degrees are assigned to the diagnosed faults. On the basis of severity of faults, appropriate maintenance actions are suggested.
Fuzzy Inference System
Intelligent algorithms, e.g., Expert System [13] , FIS [14] , Artificial Neural Networks [15] , Probabilistic Neural Networks [16] , Evolving Neural Networks [17] and Artificial Neural FIS [18] [19] have been used to interpret DGA results. These algorithms are not entirely satisfactory. These methods are mostly suitable for transformers with single fault. In case of multiple faults, only dominant fault is indicated by these methods. These methods based on specific set of codes defined for certain gas ratios. Further, no quantitative indication for severity of fault and maintenance suggestions is given by these methods.
The proposed Fuzzy diagnostic method is prepared using the MATLAB Fuzzy Logic Toolbox [20] . Sugeno type FIS [21] [22] where, Z is final output and n is the number of rules.
The FIS consists of 3 ratios R1, R2 and R3 as inputs. One of the major drawbacks of IEC method is that when gas ratio changes across coding boundary, the code changes sharply between 0, 1 and 2. In fact the gas ratio boundary should be fuzzy. Depending on the relative values of ratios in IEEE and IEC method, three fuzzy codes Low, Medium (Med) and High are selected. Due to uncertainty in measurements of gas concentrations by gas analyzers, the gas ratios would have a relative uncertainty of plus or minus 10% [23] . Hence, 10% of the boundary value of each ratio (Table 1) The Membership function for ratio R1 is shown in Fig. 2 . The codes of the ratios R2 and R3 are also fuzzified as The major drawback of the IEEE and IEC method is that a significant number of DGA results in-service fall outside the existing rules and cannot be diagnosed. Only 6 inference rules are suggested by the IEEE (Table 1 ) and 11 inference rules are suggested by the IEC (Table 3) FIS derives output from judging all the fuzzy rules by finding the weighted average of all 27 fuzzy rules output.
Case Studies, Results and Discussions
FIS is developed based on the proposed interpretative rules and diagnostic procedure of an overall system. To demonstrate the feasibility of the system in diagnostic, 250 DGA gas records supplied by the major power companies in India have been tested. Accuracy is calculated in two different ways, a) When considering only number of predictions, percentage accuracy is given by Eq. (10) as follows:
Where T R is the number of correct predictions and T P is the total number of the predictions, b) When considering the total number of cases, percentage accuracy is given in Eq. (11) as follows :
Where Tc is the total number of cases. Accuracy values of different methods for total 250 cases are compared and summarized in Table 4 . Results from two case studies are presented here.
1 Case study -I
A 35 MVA, 200KV /33KV transformer is in service for 11yrs. Tank oil volume is 32000 litres. Transformer had tracing on bushings and arcing in oil. DGA data obtained in Step 1: TDCG in ppm =833. TDCG is above normal (> 720 ppm). The key feature of the proposed method is that it can diagnose multiple faults unlike conventional DGA methods.
Step 5: Severity of faults is very high. Maintenance actions suggested are as follows: 1. Retest oil daily. 2. Consider removal from service. Step 1: TDCG in ppm =2303. TDCG is above normal (> 720 ppm). 
2 Case study-II

Conclusion
The proposed FIS is developed using 'MATLAB'. It can diagnose the incipient faults of the suspected transformers and suggest proper maintenance actions. The fuzzy three ratio method is proposed to diagnose multiple faults and faults that cannot be diagnosed by the conventional DGA methods. Accuracy values of fault diagnosis of different DGA methods are compared. An accuracy of the proposed method is better than other diagnostic methods. 
